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Abstract 
In recent years, there has been a phenomenal growth in wireless 
communications. Because of the demand on high data rate applications and the 
request of efficient utilization of the increasingly crowded spectrum, spectral 
efficient linear modulation schemes have to be employed which require ultra linear 
amplifier for amplification. In the past years, various linearization methods have 
been addressed that offer different degree of performance at the expense of circuit 
complexity. Unfortunately, most of these methods require costly and bulky RF 
circuitry that is not suitable for mobile terminals. 
In this thesis, the new concept of generalized baseband signal injection is 
introduced. The applications of the proposed method to the linearization of various 
configurations of amplifying systems are described. A general and rigorous 
mathematical formulation of the new approach is also presented. Unlike many 
conventional approaches, no complex RF circuitry is required other than simple 
baseband amplifiers. 
For verification purposes, two amplifying systems operating at approximately 
2GHz are constructed and characterized. Good agreements between the theoretical 
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Chapter 1 Introduction 
Chapter 1 Introduction 
Power amplifier is one of the crucial functional blocks in wireless 
communication systems. The modulated RF signal is amplified to reach the required 
power level before transmission. In traditional communication systems, constant 
envelope modulation formats, such as FM used in AMPS system and GMSK 
employed in GSM system, are adopted. For these modulation schemes, either 
frequency or phase of the carrier is utilized for carrying information and therefore 
linearity of the power amplifier is not of main concern. As a result, highly efficient, 
nonlinear amplifiers (eg, class B and C) are widely used for power saving, with the 
drawback of poor spectral efficiency. Spectral efficiency of constant envelope 
modulation schemes is limited to Ibit/s/Hz. 
In recent years, there has been a rapid growth in the wireless market for high 
speed and reliable data transmission that requires the use of spectral efficient linear 
modulation schemes including QPSK, QAM and OFDM. Both phase and amplitude 
of RF carrier are modulated for carrying information. Hence, the modulated RF 
carrier possess time varying envelope waveform. When this signal is injected into 
nonlinear amplifier, severe distortions are generated. The in-band distortion causes 
impairment in transmitted signal while the out-of-band emission causes undesired 
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interference to adjacent channels. Moreover, even in traditional communication 
systems where constant envelope modulation formats are adopted, it is more 
convenient and cost effective to transmit multi-carrier signals through a single 
amplifier rather than using numerous amplifiers with power combiners and splitters. 
All in all, linear amplifiers are desirable in modem wireless communication systems. 
In order to satisfy the low distortion requirement, the traditional way is to 
operate the amplifiers several dB backoff from saturation, with the drawback of low 
power efficiency. In the past years, various linearization methods [1] have been 
proposed. They offer different degree of linearity improvement at the expense of cost, 
size and complexity. Unfortunately, most of these methods require costly and bulky 
RF circuitries that limit them to basestation application only. For battery powered 
mobile handsets, cost and size are important factors along with high linearity 
requirement. Compact and effective linearization schemes are therefore in need. 
In recent years, several linearization methods based on second-order signal 
injection have also been reported [2-5]. IMD suppression has been achieved by 
exploiting the second-order nonlinearity and second-order signal at either difference 
frequency and second harmonic. From a practical point of view, difference frequency 
approach is simpler to implement but can only give limited IMD improvement. On 
the other hand, the second harmonic injection technique offers substantial IMD 
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improvement with the drawback of requiring precise RF gain and phase adjustment. 
Recently, Fan and Cheng introduce the simultaneous harmonic and baseband 
injection [6] and the constraint of precise phase adjustment is relaxed. 
In this research, a new linearization concept is introduced, namely the 
generalized baseband signal injection method. The proposed method has the 
advantages over conventional techniques in terms of compact size, low circuit 
complexity, unconditionally stable, has little effect on amplifier gain, power efficient 
and amendable to integrated circuit design. 
This thesis is divided into 7 chapters. Chapter 2 is a review on some popular 
linearization techniques. Chapter 3 introduces the Volterra series method for 
analyzing nonlinear systems. Methods of modeling nonlinear elements are also 
addressed. In Chapter 4, different kinds of distortion are identified by two-tone 
Volterra series analysis. Chapter 5 details the generalized baseband signal injection 
method and its application to the linearization of microwave amplifiers. Operating 
conditions for optimum IMD suppression are also derived. Experimental circuit 
construction and measurements are described in Chapter 6. Finally, Chapter 7 
concludes this thesis with recommendations for future developments. 
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Chapter 2 Review of Linearization Techniques 
A wide range of linearization techniques have been proposed over the years. 
Broadly speaking, linearization techniques can be classified into three main streams: 
feedforward [7-13], feedback [14-17] and predistortion [18-23]. There are also 
combinations of them [24-26]. In this chapter, the basics of the above three 
techniques are reviewed. 
Besides these methods, a variety of other approaches have also been reported 
such as envelope elimination and restoration [27，28], linear amplification using 
nonlinear components [29, 30], combined analogue-locked loop universal modulator 
method [31, 32] and linear amplification using sampling technique [33]. Digital 
signal processing techniques are used in these methods for separating the envelope 
and phase information of the modulated RF signal. Thus power efficient and 
nonlinear amplifiers can be employed for the synthesis of linear output. Theoretically, 
the above techniques can approach 100% power efficiency but their perceived 
complexity hinder them from practical use. Their principles are not given here and 
readers may refer to the corresponding references for details. 
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2.1 Feedforward 
Main Amplifier 
Coupler Coupler Coupler 
Input o — — 夕 T o Output 
Delay 
，r Distortion Extraction , r Distortion Cancellation • ‘ 
Loop Loop 
Error Amplifier 
Delay Attenuator Phase Attenuator Phase U ^ 
Shifter Shifter 
Fig. 2.1 Feedforward system 
Fig. 3.2 shows the basic configuration of a feedforward system [7] which 
consists of two signal loops: the distortion extraction loop and the distortion 
cancellation loop. In the distortion extraction loop, the distorted output signal of the 
main amplifier is sampled and then subtracted from the delayed version of the input 
signal. By the careful adjustment of the magnitude and phase of signal in the lower 
path of the distortion extraction loop, the main tones can be suppressed leaving the 
distortion components. In the distortion cancellation loop, the extracted distortion 
signal is phase shifted, amplified and added onto the output of the system. Again, by 
the careful adjustment of magnitude and phase shift of the extracted distortion signal, 
distortion at the output of the system can be cancelled out and leaving the linear 
amplified signal only. 
Feedforward linearization offers superior linearity performance but requires 
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complex and bulky circuitry: 
1. The error amplifier has to be ultra linear, any distortion generated by it will 
appear at the output of the system. Hence, low efficiency linear amplifier must be 
adopted. 
2. Usually, lossy coaxial cable which is located after the main amplifier is used for 
compensating delay between the upper and lower path of the distortion 
cancellation loop. Delay introduced by the error amplifier should be as little as 
possible for minimal insertion loss caused by coaxial cables [8]. 
3. Coupling ratio of the output coupler has to be carefully selected for smaller 
power loss while keeping the power handling capability of the error amplifier at a 
reasonable level [9:. 
4. Both loops in the feedforward system are highly sensitive to phase mismatch and 
amplitude mismatch. In order to achieve sufficiently low of IMD level against 
shift of parameters such as temperature, adaptive adjustments of the attenuators 
and phase shifters are necessary. Examples of analog and digital adaptive 
controlled feedforward system can be found in [10-13]. 
Generally speaking, feedforward linearization is only suitable for implementation 
in basestation and is too complex and expensive for portable devices. 
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Fig. 2.2 Feedback system 
Feedback is probably the simplest technique for reducing amplifier distortion 
and is widely used in low frequency circuit design. A generalized feedback system is 
shown in Fig. 2.2. Input and output to the amplifier is represented by x(t) and y(t)， 
respectively. Distortion generated by the amplifier is modeled by d(t) and ^ is a 
constant account for the sampling of output signal. The relation between input and 
output of the system can be formulated as: 
y(t)=Ax(r)-i-c/(r) (2.1) 
The error signal is given by: 
4 0 = 4 0 - ^ (2.2) 
Substituting (2.2) into (2.1) and assuming A » /c, we have: 
= x(/) +孕 (2.3) 
_ A 
Equation (2.3) indicates gain of the amplifier drop with a factor of — and distortion 
A 
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k 
is suppressed with a factor of — , the sacrifice in gain is exchanged for 
A 
improvement in distortion. At low frequency, high gain amplifier is easy to design 
and feedback is usually employed for improving distortion performance. But the 
situation at microwave frequency is different as gain of RF amplifier is luxurious. 
Also, in the above derivation, it is assumed that time delays introduced by the 
amplifier and other circuitry are negligible comparing with the frequency of the input 
signal. This is certainly not the case for RF circuits. Hence, conventional feedback is 
seldom used in RF amplifier design. 
Main Ampli f ier 
Coupler Coupler Coupler 
Input 0 — � 0 Output 
Q Phase Shifter 
^ ^ Attenuator 
y / N y Error Ampli f ier 
兔 Band Pass Filter 
——[El——~~；——J  
Delay Attenuator Phase Coupler 
Shifter 
Fig. 2.3 Distortion feedback system 
In [14], distortion feedback is proposed and the configuration of distortion 
feedback system is shown in Fig. 2.3. By means of couplers, a portion of the 
distorted output is sampled. By subtracting the sampled output signal with the input 
signal and by the proper adjustment of attenuator and phase shifter, distortion 
generated by the main amplifier can be extracted. The extracted distortion is then 
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phase shifted, amplified and injected back to the input of the system. Band-pass filter 
is used for suppressing any out-of-band signal that may cause instability. Time delay 
introduced by the main amplifier, the error amplifier, filter and any other components 
must be considered for ensuring stability. Generally speaking, feedback system is 
only applicable in narrow band operation. Adaptive control of the attenuators and 
phase shifters is still required for maintaining proper operation of the system. 
Other feedback linearization techniques can be found in literature, such as 
cartesian feedback [15, 16] and envelope feedback [17]. In these methods, 
down-converted baseband signal is employed as the feedback signal rather than the 
RF signal. 
9 
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Fig. 2.4 Predistorted system 
Predistortion involves the creation of distortion characteristic that is 
complementary to the amplifier being linearzied as shown in Fig. 2.4. For the 
purpose of illustration, both the predistorter and the amplifier are assumed 
memoryless, and the transfer characteristic of the predistorter and the amplifier are 
described by: 
= a,s{t) + a^s^ (t) + a^s^ + … （2.4) 
y{t) = b,x{t) + by{t) + b,x'{t) + ... (2.5) 
Combing (2.4) and (2.5), we have: 
y{t) = a,b,s{t) + 
(2.6) 
Let A be the gain of the predistorted system, where 
^ = ^A (2.7) 
Neglect all the nonlinear terms with degree higher than three, distortions can be 
cancelled out by setting: 
10 
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以 2 =孕 f (2.8) 
办1 
2bl —b, b. o 
\ s ^ (2.9) 
Usually, the value of a: is not of concern as second order distortions generated are 
one carrier frequency away and can be eliminated by filtering techniques. The 
predistorter can be implemented by varactor diode [18], Schottky diode [19, 20]， 
FET [21, 22] or even amplifier [23]. They offer different degree of improvement at 
the expense of circuit complexity. Because of the inherent open loop properties, 
predistorted system is unconditionally stable and the operational bandwidth is much 
wider than that of feedback system. Generally speaking, predistorted system is much 
simpler and more power efficient than feedforward system. On the other hand, 
predistortion technique can only suppress the specific order of distortion, usually the 
third-order or at most the fifth-order distortion, over a small range of input power. 
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Chapter 3 The Volterra Series Method for 
Nonlinear Analysis 
In this chapter, the basic theory of Volterra series is introduced. Comparing to 
other nonlinear analysis techniques such as Spice and harmonic balance, Volterra 
series method operate entirely in the frequency domain. As a result, steady state 
response of the nonlinear system can be obtained directly. Furthermore, the 
calculation process is non-iterative and no computational intensive fast Fourier 
transform algorithm is needed. And the most important, Volterra series analysis is 
capable of expressing nonlinear behaviors explicitly in terms of circuit parameters. 
Power series analysis is another widely accepted method for analyzing 
nonlinear system. Indeed, it does give circuit designer an intuitive sense on the 
behavior of nonlinear circuits. But power series requires an unrealistic assumption 
that the system to be analyzed is memoryless [34]: Output of the system at time t 
depends only on the input at the same instant. 
(0 = + W + (/) + V，(/) + ... (3.1) 
where a^ are real-valued, frequency independent coefficients. 
Volterra series can be viewed as a generalization of power series with memory 
effect included, output of nonlinear system at time t depend on not only the input at 
present but also the past history. 
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3.1 Volterra Series Method 
s(/) • Nonlinear System _ 
Fig. 3.1 Nonlinear system model for Volterra series analysis 
A nonlinear system model used for Volterra series analysis is shown in Fig. 3.1. 
The nonlinear system may contain a mix of linear and nonlinear elements with either 
frequency independent or frequency dependent properties. The excitation and output 
to the system are represented by and , respectively. The excitation signal 
s(t) may contain a number of discrete signal tones at different frequencies: 
^(0 = v,’i cos � + V �c o s “ , ) + …+ c o s ^ / ) 
乙 q=-Q 
where q is the frequency index. The case q=0 is excluded as it represents DC signal. 
Consequently, the system output is given by: 
少 去 i i … j l H 人 〜 〜 • ； 〜 … . . 〜 y W 〜 - 〜 、 ( 3 3 ) 
ql^O qnitQ 
where H人〜,cOq:,'",��is the n-th order nonlinear transfer function. With the 
nonlinear transfer functions known and by summing the responses from 1 to oo, the 
overall response of the system can be determined. Note that / / , ( ) is actually the 
transfer function of the linearized system. 
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3.2 Nonlinear Transfer Function 
For a linear and time invariant system having excitation s{t). The output y{t) 
can be expressed by the convolution integral: 
00 
y{t)= \h(T)s(t-T)dT (3.4) 
—00 
where the impulse response of the system. For nonlinear system, the linear 
relation between y{t) and s(t) can no longer be applied. 




where /„ (x) is a regular homogeneous functional such that: 
00 00 00 
f M = j J * … f e , ( 3 . 6 ) 
—00—00 —00 
Norbert Wiener applied the work of Volterra to the analysis of nonlinear systems. 
Wiener suggested that the output of a nonlinear system may be represented by a 
functional series in term of its input [35]: 
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00 
J 
— 0 0 
CO 00 
+ j (^ 1. - - V h d . 3 71 
—00 —00 \ ' , 
CO 00 00 
+ hJj”T2, 广-r! 广-T2 )s{t — 7-3 yiz^dr^d r^ 
J J J 
—CO —00 —CO 
Expression (3.7) can be re-expressed as: 
00 
•K广) = (3.8) 
« = i 
where 
00 00 00 
yn{()= j j - J \ 0 " i , r 2 ， - . ” r J 外 - r i M 卜 … 办 " (3.9) 
—CO—CO —CO 
The function is known as the n-ih order kernel or the n-th order 
nonlinear impulse response. Note that the zeroth-order kernel is excluded as it 
accounts for the response to DC input. 
By substituting (3.2) into (3.9), we have: 
—00 — 00 — 00 = — 2 
仲0 
, , (3.10) 
g2=-Q qn=-Q qnitO 
Rearranging the terms in (3.10), interchanging the order integration and summation 
gives: 
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ynit)=^t i ... ix,iv,’…..v,.，,(〜〜+...〜> 
L q\=-Qq2=-Q qn=-Q 
ql^O qn右Q j ^^ 
—CO —00 —CO 
The multidimensional Fourier transform of the n-Xh order nonlinear impulse response 
in (3.11) can now be recognized as: 
—00 一 CO —00 
Conversely, the n-Xh order nonlinear impulse response can be found from the n-Xh 
order nonlinear transfer function via inverse Fourier transform: 
1 CO 00 00 
认 , • • ” � „ ) = T T V J J... {//„(〜’〜,..,〜） 
(3.13) 
Replacing the integrals in (3.11) with the nonlinear transfer function 
打⑴扎份以…历��) gives: 
，“,)=• i i ... �’�，.,�k’Z，“...v,，乂〜〜+...�)’（3 14) 
丄 q\=-Qql=-Q qn=-Q ^ ‘ ^l^^O qn 辛 Q 
According to expression (3.8) and summing equation (3.14) over n, «=l,2,...,oo, the 
output of the nonlinear system can be obtained. 
Fig. 3.2 shows the Volterra series representation of a nonlinear system. A 
nonlinear transfer function can be treated as a transformation function which 
transforms an input signal to an output signal in the order of the nonlinear transfer 
function. Output of the nonlinear system is a summation of responses from different 
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nonlinear transfer functions. In order to have a complete description of the nonlinear 
output, index n should be infinite or tend to infinite. For the sake of analysis, weakly 
nonlinear approximation is usually adopted and nonlinear transfer functions with 
order higher than 3 are truncated. The definition of “weakly nonlinear" is explained 
in the followed section. 
^ First order nonlinear ^ / \ 乂 (^ ) 
transfer function \ 
Second order nonlinear ^ / \ � \ 
transfer function 八 V \ 
外 ) " Z I Z I Z Z I I I Z Z Z I I ： ~ ” 
——‘’� 1 
——^ = = = e a r H人〜〜…’�J p^——丨 
Fig. 3.2 Volterra series representation of nonlinear system 
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3.3 Weakly Nonlinear Approximation 






i i •” 丄 〜 ⑴ … , 〜 ( 3 . 1 6 ) 
L q\=-Qq2=-Q qn=-Q ql^O qn^O 
If the strength of the excitation is sufficiently small, the output can be described by 
considering only the first-order response of the system, represented by ) which 
is actually the transfer function of the linearzied system. The system behaves weakly 
nonlinearly when the strength of the excitation increases to a region at where the 
second- and third-order nonlinear responses have to be taken into consideration, 
which are modeled by hJ^�and ) . The overall output is the sum of 
responses from the first three nonlinear transfer functions. In terms of Volterra series, 
a system behaves weakly nonlinearly if, for the applied input excitation, the output 
response can be accurately described by the first three nonlinear transfer fiinctions. 
Even though the error involved may be up to a few dB, weakly nonlinear 
approximation can still be applied if the results obtained yield insight in the system's 
nonlinear behavior. Generally speaking, it is adequate to apply weakly nonlinear 
18 
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approximation in the analysis of class A or class AB amplifiers that are operating a 
few dB backoff from IdB gain compression point. 
When strength of the excitation increase further, higher order nonlinear 
responses have to be included which are modeled by ) and the weakly 
nonlinear approximation is no longer valid. 
3.4 Nonlinear Modeling 
For analysis purposes, active devices are usually modeled by their equivalent 
circuit which may consist of both linear and nonlinear elements. Strictly speaking, 
solid state devices are not truly lumped, so any model is necessarily an 
approximation. Sophisticated nonlinear model are available [36, 37] for accurate 
representation. The I/V characteristics of nonlinear elements in the vicinity of the DC 
basing point, may be described by the Taylor series expansion. 
k i K V 
Fig. 3.3 A voltage controlled nonlinear element 
Fig. 3.3 shows the I/V characteristic of a voltage controlled nonlinear element, 
19 
Chapter 3 The Vol terra Series Method for Nonlinear Analysis 
I = f{v). A small deviation around the DC biasing point, V�，can be modeled by, 
i = f{K+v)-f{vJ 
=dfjV)^^ I 1 " 2 職 2 , 1 職.3 + (3-17) 
dV 2 dV 6 dV …aZF 二厂。 
or 
i = c^v-\-cy +C3V3 +... (3.18) 















V 老 ” g = CiV + C y + C3V3+… 
capacitance + • 
o 
Table 3.1 Nonlinear elements 
Note that all the nonlinear coefficients, , gm” and are bias dependent. 
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The indication of time dependence, (/)，have been deleted from i{t) and v(/) as 
usual manner. In the case of nonlinear capacitance, the charge-voltage relation can be 
converted to current-voltage relation by differentiating the expression with respect to 
time. 
Fig. 3.4 shows a simplified nonlinear model of MESFET [37] which mainly 
comprises, the gate-to-source capacitance ( (7识)， the drain-to-source 
transconductance {g^) and the drain-to-source conductance ) [38；. 
Lg Rg ？产 Rd Ld 
Gate o ^ ^ ^ Wv 1| VA o Drain 
V 
^ 5 = = ^ds ^^ds 
丨 代 T 
o 
Source 
Fig. 3.4 Nonlinear model of MESFET 
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3.5 Determination of Nonlinear Transfer Function 
Both harmonic-input method and method of nonlinear current can be adopted 
for determining the nonlinear transfer functions of a nonlinear system. The method of 
nonlinear current will be introduced here, as it is easier to use and more amenable to 
computer-aided design. Readers may refer to [38] for the details of harmonic-input 
method. 
For the purpose of illustration, consider a system which contains a voltage 
source, a nonlinear resistor and a network composed of linear elements only. 
A 
v“,） Linear Circuit v(,) ^ ^ ^ ' ' ^ 
，r 
Fig. 3.5 System including a nonlinear resistor 
The nonlinear current is described by: 
= + (3.19) 
where g„{n = 1,2,3) is the biasing dependent coefficients of the nonlinear resistor. 
The voltage v(r) consists of all order of mixing products, 
v(0 = Vi(0+V2(/)+V3(/)+... (3.20) 
where represents the sum of all n-Xh order mixing products. Substituting (3.20) 
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into (3.19) and grouping the mixing products of the same order, we have: 
• gi[Vi(,) + V2(,) + V3(0] (3.21) 
hit) = g Ait) (3.22) 
h{t) = 2g,v , ( t )v ,{fyg,vl ( t ) (3.23) 
Mixing products with order higher than three are neglected as manner of weakly 
nonlinear approximation. Fig. 3.5 can be redrawn as: 
HW ^^ hit) V i,{t) 
V力） Linear Circuit v(,) > ( j r ^ ( j ^ 
Fig. 3.6 Equivalent representation of system with a nonlinear conductance 
The current sources Z2W and i'3(t) in Fig. 3.6 represents all the second- and 
third-order current components that are arose from the nonlinear coefficients in 
equation (3.19). Fig. 3.6 indicates that the system under consideration is linear, 
although the current sources are nonlinear functions of voltages at various orders. 
Moreover, Fig. 3.6 reveals that the first-order voltage component, v,(/), is generated 
by the source, The second-order current, is a function of the first-order 
voltages while the third-order current, ij (t) , is a function of the first- and 
second-order voltages. The currents with order greater than one are always functions 
of lower-order voltages. In order to find the nonlinear transfer function, we can: 
1. Find Vi(r) by setting all the currents sources equal to 0 under the excitation of 
23 
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vXt)' The first-order nonlinear transfer function can be determined by: 
‘ ) = 總 （3.24) 
where v人〜)and v i^(^ y) denotes the Fourier transform of v^ . (^) and v�,(/) 
respectively. 
2. From Vj(r), the second-order current can be found, = gz^ff水 The 
second-order voltage, v! (?), can be found by setting v^  (t) equal to 0 and i:(,) 
as the only excitation. The second-order nonlinear transfer function is given by: 
h M i , � ) = ( 3 . 2 5 ) 
3. The third order current, i拟,c a n be found from V2 (t), gz and g^, 
and with and /^(O set to 0. The third-order nonlinear transfer function 
is described by: 
〜,〜,〜)=广 3 ’ 广 ， ( 3 . 2 6 ) 
With the determined nonlinear transfer function / /„( ), analyses of the system can 
be carried out. The frequency components of interest can be evaluated in a 
straightforward manner via expression (3.14). 
24 
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Chapter 4 Manifestation of Nonlinear Behavior 
Distortions in amplifiers are characterized by harmonic distortion, AM/AM, 
AM/PM and intermodulation distortion. In this chapter, the nonlinear behavior of a 
generic amplifier is analyzed by the Volterra series method as introduced in the 
previous chapter. The figures of merit for characterizing distortions as well as their 
impact on system performance are described. 
4.1 Two-Tone Volterra Series Analysis 
Weakly Nonlinear Amplifier 
T Load 
M 0 L 
Fig. 4.1 A generic amplifier model under two-tone excitation 
Fig. 4.1 shows the generic amplifier model under consideration. The amplifier is 
operating in weakly nonlinear region at where the output response can be accurately 
described by the first three nonlinear transfer functions. The excitation consists of 
two sinusoidal sources at angular frequency of co^  and co), both with strength of 
v^. The first-, second- and third-order responses can be derived as: 
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= ( 〜 （ 4 . 1 ) 
qUO 
v . W ^ I i x k i �K v Z . ( � + � > (4.2) 
�«：去i t � , ⑶ 以 〜K v , v y ( � + � + � > (4.3) 
O q\=-2 q2=-2 q3=-2 
ql^O g3^Q 
where ), «=1,2,3, are the n-th order nonlinear transfer function between the 
excitation and load. All the possible frequency components generated are tabulated in 
Table. 4.1. 
For single tone excitation, either v^(iyi) or v^ {co2) can be set to 0. Note that 
beside the input signal at angular frequencies co^  and cOj are being amplified. 
There are three main types of distortion generated，they are 
1. Harmonic distortion 
2. AM/AM and AM/PM distortion 
3. Intermodulation distortion 
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Tabic 4.1 Output of ueakly nonlinear amplifier under two-lone cxciialion 
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4.2 Harmonic Distortion 
i L 
^ s i ^ ) Weakly Nonlinear Amplifier ( ) 
t f 
~ ^ ^ ~ ^ v � ^ ) 
Fig. 4.2 Generation of harmonic distortions 
When amplifier is driven into weakly nonlinear region by a single sinusoidal 
signal at angular frequency co^ . Distortions at harmonic frequencies are generated 
and value of the n-th harmonic is given by 
= {co,，)v； (co,) (4.4) 
For example, the second harmonic component is 
(2co, ) = ^hXCO,, CO, K ( � 1 k (叫) (4.5) 
and the third harmonic component is 
= ^ H„ (^1 ,o)”oj\ K (^1 k (^1 k (叫) （4.6) 
Harmonic distortions are of the least concern as they are at least one carrier 
frequency far apart from the desired in-band signal. Harmonic distortion can be 
filtered out by harmonic filter. 
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4.3 AM/AM and AM/PM 
AM/AM and AM/PM account for the distortion components generated at the 
same frequency as the input signal. For single tone excitation at angular frequency 
, the output at the same frequency is given by: 
3 
V,(o),) = H , { ( D , { c D , C O , -co,{(D,{co,(— ) (4.7) 
Defining gain of the system as the ratio of total output to input: 
血 ) = 織 （4.8) 
Substituting (4.7) into (4.8) gives: 
g ( � 1)=丑1 (叫)+彳丑3 (叫，� 1,—历 1 k (科k (-份 1) (4-9) 
For amplifiers, the sign of is always negative. Hence, when input 
power increases, gain of amplifier decreases. Equation (4.9) also indicates that 
g{co )^ can be expressed as the sum of two phasor, as shown in Fig. 4.3. 
- / A 3 
^ 
h M ) 
Fig. 4.3 AM/AM and AM/PM phenomenon 
As increases, both magnitude and phase of g{o)^) change. The change in 
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magnitude of g{6)^) is called AM/AM distortion while the change in phase of 
g{co^ is known as AM/PM distortion. For linear modulation formats such as QPSK 
and QAM, AM/AM and AM/PM phenomenon cause shifting of signaling points in 
the constellation diagram. Hence fidelity of the transmitted signal is impaired and bit 
error rate of the system is increased. 
As explained before, gain of amplifier decreases as input power increases. The 
output power level at where the gain is compressed by IdB is termed as IdB gain 
compression point (Pids). PidB is usually used as a figure of merit to specify the 




I 仏 … … - ； ： ^ 
t 力 z 
O IdB / / f 
Input Power 
Fig. 4.4 Definition of PidB 
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4.4 Intermodulation Distortion 
V � � V �� 
• M 
V' ) (叫) Weakly Nonlinear Amplifier 
- H — I 八 
Fig. 4.5 Generation of intermodulation distortion 
Unlike the AM/AM, AM/PM and harmonic distortion, intermodulation 
distortion occurs only in the case of multi-tone excitation. Intermodulation distortion 
is caused by the mixing of signals through the odd-order nonlinear transfer functions. 
If the excitation contains frequency components at cOj and co:, intermodulation 
distortion components at - cd^ and Ico^ - co^  are generated: 
v�(2^yi - ^ ^ 2 )二 1付 3 (出 1，礼 -仍 2、 (叫乂 (叫 ) ^ ( -份 2 ) (4.10) 
V�[2co^ = co^ -co,K(叫K��ik(-^i) (4.11) 
Note that intermodulation distortion is very close to the fundamental signal tones and 
cannot be eliminated by filtering techniques. The IMD performance of amplifier is 
crucial in many communication systems as it can create undesired interference in 
adjacent channels. It is noted that intermodulation distortion, AM/AM and AM/PM 
distortion are arose from the same source, the third order nonlinear transfer function 
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or third order nonlinearities presented in the system. With intermodulation 
distortion being suppressed, AM/AM and AM/PM are also being improved, vice 
versa. 
Two-tone test is a widely accepted method for assessing amplifier linearity. A 
common figure of merit to characterize amplifier linearity under two-tone excitation 
is the carrier-to-intermodulation ratio (C/I), in unit dBc，as illustrated in Fig. 4.6. 
A A 
C/I 
1 � ( 2� � 2 ) ，r 
I 
Fig. 4.6 Definition of carrier-to-intermodulation ratio 
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Chapter 5 The Generalized Baseband Signal 
Injection Method 
This chapter starts by the investigation of conventional difference-frequency 
(baseband) signal injection method. Limitations of the method are identified and a 
new linearization method, the generalized baseband signal injection method, is then 
proposed. Mathematical formulations of the proposed method are detailed by using 
the concept of Volterra series as described previously. Moreover, the application of 
the new technique to the linearization of predistorter-amplifier and multi-stage 
amplifier configurations are demonstrated. Furthermore, the operating conditions for 
optimal IMD suppression of the proposed method are also developed. In contrast to 
many linearization methods, the proposed method can achieve higher linearity 
performance and is simpler and less expensive to implement. No RF circuitry such as 
variable gain amplifiers and phase shifters are needed other than baseband 
amplifiers. 
33 
Chapter 5 The Generalized Baseband Signal Injection Method 
5.1 Generalized Baseband Signal Injection Method 
(GM) 
Main Amplifier 
I — — ^ ^ ^ 1 
0 • 人 G eJ谷 n 
工 Z - A � e Load 
0 V , � j L 
Fig. 5.1 Conventional baseband signal injection method 
Fig. 5.1 shows the basic configuration of the conventional baseband signal 
injection method [39，40]. The main amplifier to be linearized is constructed by using 
solid state active devices such as FET or BJT. The baseband signal {co-co^-o)^) 
may be injected into the amplifier through the biasing circuitry. Using Volterra Series 
notation, the output IMD component of the amplifier may be expressed as: 
V �{ I C O , = CO,，-份2 k ( 网 ^S ( � 1 k ( - 份 2 ) ( 5 1 ) 
{20)2 —份 1 ) = i 付 3 ( 約 ， � 1 K ( ^ 2 ( ^ 2 k ( - 份 1 ) 2 ) 
+ H^(a)2 - o \ , c o 2 ( ^ 2 -份 1 k ( � 2 ) 
where ) represent the «-order nonlinear transfer function of the main amplifier; 
Gbb is the voltage gain of the baseband amplifier required for the injection and S 
denotes the phase shift associated with the baseband amplifier. The relationship 
34 
Chapter 5 The Generalized Baseband Signal Injection Method 
between the input tones and the baseband signal is expressed as: 
V , ^ = (^2，—份 1 k ( 历 2 ( - 份 1) (5.3) 
where ) denotes the second-order nonlinear transfer function of the injection 
signal generation circuitry. 
Equation (5.1) and (5.2) indicates that the injected signal interacts with the 
fundamental component via the second-order nonlinear transfer function to produce 
new components at a? = Ico^ — co^ and co = Ico^ -co^ • In addition, as the baseband 
signal at co^  _ o)^  and co^  - co^  are complex conjugate pair: Zy^ (co^  " ) = 谷 , 
and Zv^ ,{co^  -0)2) = - S . 
Hence, equation (5.1) may be re-expressed as: 
V�(2 份 2 = [co^ k ( � 2 k ( — � 1) 4) 
=a Z + G 朋 卞 ( 約 ) v > 2 k ( - • 
where 
ae^^ = —H^ {co2,CO2 -co^) (5.5) 
be�.=7/2(<^>2 - )火2iph①I) (5.6) 
Assuming that co^^ co ,^ the IMD component at 2co^  - co^  may also be re-written as: 
V �V , [ c o , K K ( - � 1) 
- a e^'' + GBBbe�e-j' (⑴丨 K h K ( - �J • 
Fig. 5.2 illustrates the phasor representation of cIr andd^ . 
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Vx \ \ \ \ \ \ 
GSSBE^' 
(a) 5 = 0 or 71 
A \ > 
\ 朋 fe加） 
(b) 5 ^ 0 and n 
Fig. 5.2 Phasor representation of conventional baseband signal injection method 
Note that only amplitude of the injected signal (G^^b) may be adjusted in the 
conventional approach. If S 0 and tt, IMD asymmetry occurs. Moreover, the 
diagram also reveals that, unless Q = (j) or 6 -(j)-^ k , the above mentioned 
injection method can only provide partial cancellation of the inherent IMD, and the 
improvement is limited. For complete suppression of IMD, the generalized baseband 
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injection method is proposed. 
\ \ \ 
\ injected 
\ ^ 一 r ^ 
Fig. 5.3 Generalized baseband signal injection method 
Fig. 5.3 illustrates the phasor representation of the generalized baseband signal 
injection method. An additional canceling signal (^ d叫ected) is introduced to the circuit. 
In principle, this component can also be generated from the baseband signal source. 
Under these circumstances, the IMD product may be eliminated entirely by properly 
setting the strengths of the two vectors ( G 朋州 and d—ed)- Applications of the 
generalized baseband signal injection method to practical systems are detailed in the 
next section. 
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5.2 Application of GM to Predistorter-Amplifier 
Linearization 
Diode Main Amplifier 
Predistorter 
I ——^——I 
( 0 ) V“吟） I ^ L 
Fig. 5.4 Linearization of predistorter-amplifier system 
Fig. 5.4 shows the practical realization of the generalized baseband injection 
method which consists of a diode predistorter in cascaded with the main amplifier. 
The output voltage components of the diode predistorter can be written as: 
(5.8) 
= (5.9) 
V,. {iCO^ = � 1,-� 1 (仿2 k (^2 h (—出1 ) ( 5 10) 
where £>”（）is the «-th order nonlinear transfer function of the diode predistorter; 
Gd represents that the voltage gain of the baseband amplifier. Subsequently, the 
third-order IMD component generated by the diode predistorter can be re-expressed 
by: 
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V , - 糾 ) = G 膽 e j a • V , { c o ^ { c o ^ { - c o , ) (5.11) 
where 
G励eJa =-D,{cD,,0)^ -0),) + D,{co, {CD, -CO,) (5.12) 
Note that by adjusting the polarity and magnitude of G^, the value of G,爐 may be 
changed. Similarly, the third-order IMD component at 2co^  - co^  can be derived as: 
V, = K K (" ) ( 5 1 3 ) 
Finally, the output IMD component of the main amplifier at co = Ico^ - co^  and 
o) - Ico^  — 0)2 are given by: 
+ 付2 iph —①”①2 )Gbbn ( � 2 - k M (5 • 14) 
+ //j (20)2 -
-^2) = - H, {co,, d^ i ,—COi )v, {cD, )v, {co, )v. (一 ) 
+ (^1 -出2,叫 y^m'^s (出1 - � 1 k ( � 1 ) (5.15) 
+ i / j {ico^ - CO2 )v. {ico^ -<^2) 
By assuming that o\ = co^ ,^ expression (5.14) and (5.15) can be simplified as: 
V,{2(0, - ) « V�{lo)^-CD,) = d - v X o ) 2 ( � 2( - ^ i ) (5.16) 
where 
d = + G 仙 + cG膽 (5.17) 
“已 ��2，-仍i)A (約)A (�2)A (-历1) 
3 (5.18) 
(⑴1，⑶ 1 )A (⑴1 (叫)A ( - � 2 ) 
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办 — = 7/2 (約 -外吟 )A (叫 K(吟，-糾） （5 19) 
« Hi {cD^ -0)2,①I )A (<^ 1)火2 (^ 1 ) 
ce〜人，-①义 (5.20) 
» H^ [2a>^ -0)2) 
Inspection of equation (5.17) indicates that the output IMD component (d) may be 
totally suppressed with proper setting of G,搬 and G仙 values. For the sake of 
analysis, solutions of (5.17) can be sub-divided into 4 cases. 
5.2.1 Case 1: Standalone Amplifier without Injection 
In the absence of the diode predistorter and the injection of difference frequency 
signal ( G , 膽 = 0 and G^g =0) , expression (5.17) is reduced to: 
= \a\ (5.21) 
Magnitude of the distortion vector depends on the active device's nonlinearities, 
circuit impedances and topology adopted. Studies utilizing different forms of 
matching networks to improve linearity of amplifiers have been described in the 
literature [41-43]. In [44], the terminating impedances of the active devices at 
second-harmonic are optimized for improved linearity. The influences of doping 
profiles on MESFET IMD performance are also reported in [45, 46]. Nevertheless, 
improvement in IMD level that can be attained by these methods is limited. 
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5.2.2 Case 2: Injection to Amplifier Only 
The conventional baseband signal injection method is obtained by setting 
GIMD = 0 in (5.17), and the resulting expression for the third-order IMD becomes: 
d\ = \ae' ' (5.22) 
Expression (5.22) shows that unless 0 = ^ or =於+ ;r, this method can only 
achieve partial IMD cancellation. Moreover, condition for minimal IMD can be 
found by differentiating d with respect to G^^  and equating the result to zero: 




The corresponding level of IMD output is given by: 
d\ = \asm{e-(f\ (5.25) 
Note that in the case where G -伞 二 ±—，no IMD suppression is possible. 
5.2.3 Case 3: Injection to Diode Predistorter Only 
With baseband signal injected into the diode predistorter only {Ggg = 0), we 
have: 
2 n 2 
d = ae^ + cG 勵 圓 (5.26) 
=(a cos (9 + cG 細)2 + sin^ 6 
The optimum gain value for minimizing d ^ is thus given by: 
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-acosO 
Gimd = (5.27) 
c 
The corresponding residual IMD output is: 
d\'=a'sin'6f (5.28) 
Expression (5.26) indicates that only the in-phase distortion component can be 
removed and hence only partial cancellation of IMD is possible. 
5.2.4 Case 4: Injection to Both Diode Predistorter and 
Amplifier 
According to expression (5.17) and with injections to both the diode predistorter 
and amplifier, we have: 
d\ = + + c(7細 | (5.29) 
The requirements for complete cancellation are: 
a cos 6 + G^^b cos (j) + cGjj^j^ = 0 (5.30) 
a sin 6 + G^^b sin z^J = 0 (5.31) 
The optimum condition for complete cancellation can be derived as: 
(5.32) 
csm於 
^ - a sin ^ 
‘ = W (5.33) 
Expression (5.32) and (5.33) reveals that，complete elimination of IMD can be 
achieved by varying the gain and polarity of the two baseband amplifiers. 
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5.3 Application of GM to Multi-Stage Amplifier 
Linearization 
amplifier 1 amplifier 2 amplifier M 
0 — ） A � 1 AA •.. A � � f lLoad 
Fig. 5.5 Linearization of multi-stage amplifying system 
In practice, the transmit path of RF front-end usually composes of a chain of 
cascaded amplifiers to achieve sufficient output power and signal gain. Fig. 5.5 
shows the block diagram of the amplifying system under consideration. In the figure, 
there are M amplifiers, labeled as "amplifier 1” through "amplifier M". The mixing 
product generated by the individual nonlinear amplifier is denoted as where 
m=\, 2,..., M. It is also assumed that the injection signal at co = CO2 - , is 
amplified and injected into the input of individual RF amplifier through the 
corresponding biasing networks. 
Using the Volterra series notation and neglecting any mixing products higher 
than the third-order, the IMD components appearing at the output of "amplifier 1” 
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may be written as: 
V31 {ico,-0)^) = - ^3,1 (叫，份 1，—历 2 k (^1 k,(绅 k ( - � 1) (5 34) 
+ ^2,1 “ )�1 “ - � 2 ^s “ ) 
V3’i {2co, -0),) = -H, , {co,, -0), (Q)^ K (^2 K (一 �i ) (5 35) 
+ H 2，i {co,-co^co, )GiV, {CD, — dy, {co,) 
where ) is the n-Xh order nonlinear transfer function of the m-th amplifier. 
Note that the injection signal interacts with the fundamental via the second-order 
nonlinear function of the amplifier to generate a new component 2LX co = ICD^ - o)^. 
The baseband signal is assumed to be generated by an external circuit. Without loss 
of generality, the relationship between the baseband signal and the input tones may 
be expressed as: 
V. {co^  - ^y!)=火2 (^2 ( � 2 ^s (— ) (5.36) 
where K : �) denotes the second-order nonlinear transfer function of the baseband 
signal generation circuit. Subsequently, assuming that co: « co ,^ equation (5.34) and 
(5.35) can be re-written as: 
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bxe'^ = ^ 2.1 ( � 2 -历1 為 K (�2历 1) ( 5 40) 
« H^j-co^^co,)火2(^1,—份2) 
Similarly, the IMD components generated by "amplifier 2" are therefore given by: 
V3 2 { 2 ( 0 , - 0 ) ^ ) = - H,^ [W,, ^Y^ ,-COI {CO, {CO, ( - CO: K ( 辟 K ( 叫 K ("① 1) 
+ 灯 2 , 2 ( 网 - 份 2 ) 丑 i ， i ( �i k ( 叫 ) (5.41) 
V3 2 片3，2 (^ 2，Oh,-历1)付1，1 (^2 (^2 ( “仍 1 K (ph K (^2 K ( “ � 1) 
+ ^2,2 (^2 � 1 (約 一 )付1，1 ( � 2 K ( � 2 ) (5.42) 
The above expression may be reduced to: 
V 3 2 - c u , ) ^ V32(2a?,-coJ= d , ( 約 ( - ) (5.43) 
where 
d, = a ^ i + G 知 j 如 (5.44) 
3 
a^e 队=-^3,2 iPi,� 1 -(Ox)付 1,1 ( � 2 ( � 2 )丑 1,1 (-份 1) 
3 (5.45) 
--^3,2 (⑴ 1 ,⑴ 1，-⑴2 )仏，1 (⑴ 1 )仏,1 (份 1 )仏，1 ( - � 1 ) 
=丑2，2 (^2 )尺2 (⑴2，-份1 )丑 1,1 (⑴2 ) 」〈、 
/ \ ( \ ( \ (5.46) 
~ H2,2(� 1 - � [CO, -co^,[CO,) 
In the general case, the IMD signal produced by "amplifier M”, is simply equal to: 
V 3 , . { M V3{2CO,-CO,) = D^- V ^ { C D , { C O , ( — ) (5.47) 
where 
心 ( 5 . 4 8 ) 
m m mm \ / 
Consequently, the total IMD signal delivered to the load may thus be written as: 
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T讯： n丑 u ( 2 � 2 -仍 1) (5.50) 
/=/w+l 
dM 二 + aw-严 +……+以1已7"'7；} 
+ { G^b^e^-'^ + Gm入—严+……+ G\b汽} . 
It is clear from the above expression that the IMD signal may be viewed as the sum 
of two parts: the inherent IMD component (first bracket) generated by the amplifiers; 
and the canceling signal (second bracket) produced by the injection method. 
Inspection of (5.51) also indicates that the distortion component may be eliminated, 
with appropriate choices of the amplifier gains (G^). The examination of different 
cases of signal injection and the corresponding conditions for optimum IMD 
suppression are presented in the following sections. 
5.3.1 Case 1: Amplifying System with No Signal Injection 
In the absence of any injection signal ( = 0), equation (5.51) can be 
re-expressed as: 
K ^ l + Z � ' +〜-产T似-丨+……+ a 汽 
(5.52) 
= 叫 
The resultant vector, Ae�"", represents the inherent IMD signal produced by the 
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composite amplifying system and may be used as a reference level for performance 
evaluation in the following sections. 
5.3.2 Case 2: Amplifying System with Single Injection Point 
From the implementation point of view, it is simpler to use only one injection 
signal. Under these circumstances, equation (5.51) may be written as: 
卜 〜 G 入 〜 I (5.53) 
where p (1 < p < M ) is the number of the amplifier stage associated with the 
injection point. Differentiating with respect to G^ and equating the result to 
zero gives: 
I + Z r J + lA \ + 2G/； \TJ\ =0 (5.54) 
Consequently, the gain coefficient of the baseband amplifier for optimum IMD 
suppression can now be derived as: 
-ACOS[K-^ -Z.T ) 
Gp 二 ——— (5.55) 
bpTp 
The residual distortion can be evaluated by substituting (5.55) into (5.53), 
‘ I = \Asm{K-(t>^-ZT^\ (5.56) 
Hence, the IMD suppression factor (dB) may be defined by: 
- 2 0 log ^ = (5.57) 
Equation (5.57) suggests that only partial cancellation of IMD is possible with single 
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point injection. The value of [fc- ( j ) 卩 - Z T i s normally non-zero and is a complex 
function of various device and circuit parameters. 
5.3.3 Case 3: Amplifying System with Two Injection Points 
In this case, an additional baseband signal is fed to the injection port of 
"amplifier q”, and the corresponding expression for the resulting IMD output is 
therefore given by: 
K I = Aej�Gpbpej"PTp+Gqbqej"qTq 
(5.58) 
= 如 〜 G / 卞 於 + G 崩 
where (Pp-<t>p^ ^T^ and ZT^ . For optimum cancellation of the 
distortion signal, the following conditions must be satisfied, 
ACOSK + G^b^ I cos (p^  + G b^^  \ cos (5.59) 
AsinK + G^b^ |7； I sin cp^  + G b^^  |7； | sin (p^  = 0 (5.60) 
or 
-A sin{^-(p ) 
(5.61) 
A sm[K-(p ) 
(5.62) 
The above expressions reveal that, in the presence of the second injection signal, it is 
possible to totally eliminate the IMD signal by properly adjusting the gains (G^ and 
G^) of the baseband amplifiers. Equations (5.61) and (5.62) indicate that the gain 
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coefficients are real with either positive or negative sign, and therefore only constant 
gain amplifiers are required to maintain a low distortion output. In order to minimize 
the required gain values (G^ and G^), the two injection points should be selected 
such that cpp-cpq « —, if possible. 
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Chapter 6 Experimental Setup and 
Measurements 
In the previous chapters, it is shown that third-order IMD can be significantly 
suppressed by using the generalized baseband signal injection technique. For 
experimental verification, two amplifying systems operating at approximately 2GHz 
have been designed and constructed. In this chapter, the design and construction are 
of the systems are described in detail. Both two-tone and vector signal are employed 
for characterizing the IMD performances of both systems. For two-tone test, signals 
centered at 2GHz with frequency spacing of lOOKHz are used. For the vector signal 
measurement, standard PHS signal {nlA DQPSK modulated signal with data rate of 
384Kbit/s) is employed. 
In modem communication systems, power control strategy is usually adopted to 
reduce unwanted interference and power consumption. Conventionally, lookup table 
47，48] or adaptive techniques [49，50] are often employed to maintain a low 
distortion output over a wide range of output power level. These approaches offer 
different degree of linearity performance at the expense of circuit complexity. The 
dynamic range of the proposed method is addressed. 
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6.1 Experimental Setup 
The major hardware required for setting up the experiments are listed below: 
Experiment 1 Experiment 2 
Diode predistorter V 
Small signal amplifier V V 
Medium power amplifier V 
Baseband signal generation circuit V 
Baseband amplifiers 
Table 6.1 The experimental hardware 
6.1.1 Diode Predistorter 
Fig. 6.1 shows the schematic diagram of the diode predistorter. The diode used 
is Schottky diode SMS7621 from Alpha Industries. Both the biasing voltage and the 
baseband signal are fed to the diode circuitry through the biasing network. RF signals 
are isolated from the low-frequency circuitry by using quarter-wavelength 
microstrips and radial stubs. The large radial stub provides a good RF short at the 
fundamental while the small radial stub presents a short-circuit termination at the 
second-harmonic. The substrate used is FR4 with thickness of 0.8mm and = 4.4. 
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Port for DC biasing and 
baseband signal injection 
A ？ 




Fig. 6.1 Schematic of the diode predistorter 
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Fig. 6.2 Diode predistorter constructed 
Fig. 6.2 shows the physical view of the diode predistorter. The transmission and 
reflection coefficients of the diode predistorter are measured using Advantest 
5 2 
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network analyzer R3767CG and plotted in Fig. 6.3. Insertion loss of the predistorter 
is found to be 2dB. The input return loss is better than lOdB and the output return 
loss is better than 20dB. 
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Fig. 6.3 5-parameter of the diode predistorter 
Fig. 6.4 shows the output IMD level of the diode predistorter versus the strength 
of the baseband injection signal. The fundamental input is set equal to -7dBm per 
tone. The result indicates that the IMD component can be varied between -62dBm 
and -33dBm, as the baseband signal is tuned from ImV to 90mV. The biasing 
voltage of the diode predistorter is approximately 0.3 V. 
53 
Chapter 6 Experimental Setup and Measurements 
J O . 1 — — I I i i ! I I I 1 — — I I I I ! I ! 
-35 1"----- j------
40 j"-----i—十-十个"H-"!-: 卜--^^-十十十十 
—i-H+li 歸 孺 
-50 r-----1 —-：—；-^-；-j^- 1------…十十十十十-丨-
-55 -----i--4^H4-;-T …^--
別 f--…i...-l-J.-：--!--LL 
•65 I i——!__！ ！ ！ ！ ！ i i i——！__！ ！ ： ！ ！ ！ 
10� ioi 10^  
strength of injected baseband signal / mV 
Fig. 6.4 IMD performance under baseband signal injection 
6.1.2 Small Signal Amplifier 
Fig. 6.5 and Fig. 6.6 show the schematic diagram and the physical view of the 
small signal amplifier. The active device used is MESFET CFY30 from Infineon 
Technologies. Gate and drain bias are established by using quarter-wavelength 
microstrips and radial stubs. The output matching network is optimized for 
maximum output power while the input matching network is optimized for higher 
gain. Additional by-pass capacitors are inserted into the drain circuitry to ensure 
stability at out-of-band frequencies. 
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Fig. 6.6 Small signal amplifier constructed 
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Fig. 6.7 iS'-parameter of the small signal amplifier 
Fig. 6.7 shows the measured 5-parameter of the constructed amplifier. The 
measured power gain, input return loss and output return loss pf the amplifier is 
about 14dB, lOdB and 5dB, respectively. Fig. 6.8 depicts the power performance of 
the amplifier as the input power is swept from -lOdBm to 6dBm. The output power is 
monitored using a spectrum analyzer with HPVEE connection for automating the 
measurement. The output power of the amplifier measured at IdB compression point 
is roughly 16dBm. 
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Fig. 6.9 IMD performance of the small signal amplifier 
Fig. 6.9 gives the measured IMD performance of the amplifier. Note that for 
low input power, less than -6dBm per tone, the IMD curve has a 3:1 slope. It implies 
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that the IMD signal generation is dominated by the third-order nonlinear function 
and the contribution from the high-order mixing terms is negligibly small (weakly 
nonlinear response). 
6.1 _3 Medium Power Amplifier 
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Fig. 6.10 Schematic of the medium power amplifier 
Fig. 6.10 shows the circuit diagram of the medium power amplifier. The active 
device employed is MESFET CLY2 from Infineon Technologies. Input matching 
network is optimized for gain while the output matching network is optimized for 
maximum output power. The physical appearance of the power amplifier is given in 
Fig. 6.11. 
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Fig. 6.12 iS-parameter of the medium power amplifier 
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According to Fig. 6.12，the measured gain, input return loss and output loss is 
9dB，20dB and 4dB respectively. The power amplifier has an output power of 
approximately 23.5dBm at IdB compression point (Fig. 6.13). The measured IMD 
performance of the amplifier is shown in Fig. 6.14. 
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Fig. 6.13 PidB of the medium power amplifier 
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6.1.4 Baseband Signal Generation Circuit 
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Fig. 6.15 Schematic of the generation circuit 
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Fig. 6.16 Baseband signal generation circuit constructed 
Fig. 6.15 and Fig. 6.16 show the schematic diagram of the generation circuit and 
the constructed hardware, respectively. For effective generation of the baseband 
signal, a MESFET CFY30 from Infineon Technologies operating near pinch off is 
adopted. At the drain output, the fundamental and second-harmonic are suppressed 
by microstrip filters constructed. The extracted baseband signal is buffered by simple 
inverting amplifier (LM7171). DC voltage appearing at the input of the baseband 
amplifier is removed by applying an offset voltage to the non-inverting input of the 
op-amp. The use of DC blocking capacitor is avoided here to eliminate any phase 
shift that might be introduced to the extracted signal. 
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6.1.5 Baseband Amplifiers 
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Fig. 6.18 Baseband amplifiers constructed 
Amplification of baseband signal is achieved by the circuitry as shown in Fig. 
6.17. The op-amps used are LM7171 from National Semiconductor. The phase angle 
(0° or 180。）is selected by polarity switch. Gain control is accomplished by the two 
variable resistors, Ri and R4. The ratio of the two resistances is 10:1, so as to 
provide both coarse and fine adjustment. The DC level of the final output is tunable 
to provide proper biasing for RF amplifiers blocks. Fig. 6.18 shows the physical view 
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of the baseband amplifiers modules constructed. 
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6.2 Linearization of Amplifier with Predistortion 
Circuitry 
Small Signal Amplifier Spectrum Analyzer 
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Amplifier ^o Amplifier ^bb 
I \ “ ^  
Fig. 6.19 Experimental setup 
Fig. 6.19 shows the experimental setup for carrying out the measurement. The 
output spectrum of the system is monitored by a spectrum analyzer. HPVEE [51] is 
employed for data acquisition and measurement automation. 
6.2.1 Two-Tone Test 
The DC bias of the diode predistorter is carefully adjusted to avoid the 
generation of high-order mixing products. The measured spectra of the output at 
three different output power levels (6.5dBm, 7.5dBm and 8.5dBm), with and without 
linearization are plotted in Fig. 6.20. 
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Fig. 6.20 Measured spectra of two-tone test 
^ , IMD without IMD with ^ + . Output power • r . Factor ot 
( j n � linearization linearization . " 卯 、 
(dBm) (dBm) (dBm) improvement (dB) 
б.5 -39.2 -65.8 26.6 
7.5 -35.6 -61.4 25.8 
8.5 -31.4 -60.0 28.6 
Table 6.2 Summary of two-tone test results 
The measured IMD performances of the two-tone tests are summarized in Table 
6.2. It can be observed that, by adjusting the strength of the baseband signal injected 
into the diode predistorter and the RF amplifier, a substantial amount of IMD 
suppression (>25dB) is achieved. For the purpose of comparison, conventional 
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baseband approach is also implemented. This is done by removing the diode 
predistorter and injecting baseband signal into the amplifier only. In this case, it is 
observed that the IMD level is suppressed by less than IdB at all the three power 
levels. 
6.2.2 Vector Signal Test 
Fig. 6.21 shows the output spectra of the system in response to a PHS input 
signal, at average output power levels of 14dBm and 15dBm. 
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Fig. 6.21 PHS signal test results 
At average output power of 14dBm, a reduction in Adjacent Channel Power Ratio 
(ACPR) of almost 15dB is observed. In the second case (15dBm), the first side-lobes 
are suppressed by about 12dB. The increased side-lobes power level is mainly due to 
the contribution from the higher-order mixing products when operate closer to 
saturation. 
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6.2.3 Dynamic Range Evaluation 
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Fig. 6.22 Measured C/I ratio versus output power level 
Fig. 6.22 shows the measured carrier-to-intermodulation ratio (C/I) as the output 
power is varied. The IdB compression point of the system is 16dBm. The system is 
optimized for minimum third-order IMD at an output power level of 6dBm per tone. 
It can be seen from the diagram that a C/I ratio of better than 70dBc is obtained over 
a wide range of output power level. At very low output power level, the result is 
limited only by linearity and noise performance of the measuring equipments. The 
degradation in C/I ratio when the system is operated beyond the optimized point can 
be explained by the higher-order mixing effects. 
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6.3 Linearization of Multi-Stage Amplifying System 
Small Signal Amplifier Medium Power Amplifier Vector Signal Analyzer 
Coupler ^ s . 
r r ^ / 
( j ^ Signal Z I I I I 
V - / Generator ^ 
Baseband — n Baseband ^ n 
Amplifier ‘ Amplifier ~ ‘ 
“ i L 
——R^  
Fig. 6.23 Experimental setup 
Fig. 6.23 shows the experimental setup which consists of a driver amplifier, a 
main amplifier and the linearization circuits. The output signal is monitored by the 
vector signal analyzer HP89441A which is also capable of determining both the 
phase and magnitude of the measured signal. HPVEE is adopted here for data 
manipulation and measurement automation. 
6.3.1 Determination of Transfer and Gain Coefficients 
With reference to the formulation in Chapter 5, the expression for the IMD 
output of a two-stage amplifying system is: 
G, ^JrJe^'^+G^ h^^e ' '^ | (6.1) 
The optimum gain coefficients may be derived as: 
- j s i n ( / c i 2 ) 
T ^ . \ (6.2) 
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_ d sin(/c-^,) 
-~r7r \ (0.3) 
It is clear from the above expressions that the gain coefficients can readily be 
calculated if all the transfer coefficients {A, , �[ ^之！， K , 仍 and cp^ ) are 
known. The magnitudes of the transfer coefficients {A, b^}^, ) can easily be 
found by power measurement while the phase angles {k , (f\ and (p )^ may be 
determined either by adopting the method introduced in [52] or by using a vector 
signal analyzer [53, 54]. In this experiment, the transfer coefficients are measured by 
the latter approach in conjunction with the steps and equations outlined in Table 6.3. 
Note that the gain coefficients (G^ and G^) are chosen in such way that the 
third-order IMD signal is dominating and the higher-order mixing products are 
negligibly small. Subsequently, the extracted values of the system parameters are 
tabulated in Table 6.4 for reference. Table 6.5 shows the calculated optimum gain 
coefficients and IMD performance for the various injection methods. 
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G Formulas for parameter 
1 2 (By measurement) extraction 
0 0 d^ Ae'" = d^ 
GB 0 dB 爹 
0 Gc dc 咖 = 0 
Table 6.3 Procedures for the determination of transfer coefficients 
A K �|Ti| (f\ 办 2IT2I 
14.04 168.2° 3.33 293.6° 1.76 326.5° 
Table 6.4 Extracted parameters of the experimental system 
Optimum Optimum Factor of 
Point of Injection ^^ g , improvement (dB) 
Small signal 2.44 0 1.77 
amplifier ‘ 
Medium power q 7.41 8.65 
amplifier 
Both -2.87 11.96 00 
Table 6.5 Predicted performance of the experimental system 
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6.3.2 Two-Tone Test 
The measured output spectra of the system, with and without linearization, at 
various power levels (13dBm, 14dBm and 15dBm) are plotted in Fig. 6.24. The 
measured IMD performances of the system under various operating conditions are 
tabulated in Table 6.6. Note that the IMD level is suppressed by more than 30dB by 
using the generalized baseband signal injection method (dual injections). 
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Fig. 6.24 Two-tone test results 
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IMD without IMD with Factor of 
u� i t ^P?wer linearization linearization . 一 。 „ " 卯 、 
(dBm) (dBm) (dBm) improvement (dB) 
13 -29.8 -60.7 30.9 
14 -24.3 -57.2 32.9 
15 -19.4 -59.0 39.6 
Table 6.6 Summary of two-tone test results 
For verification purposes, the operating parameters of the system at an output 
power of 14dBm with various injection conditions are measured and tabulated in 
Table 6.7. Comparing these results with those calculated values shown in Table 6.5， 
excellent agreements are observed in all cases. 
Optimum Optimum Factor of 
Point of Injection ^^ G, improvement (dB) 
Small signal 2.27 0 1.6 
amplifier 
Medium power ^ 6 72 8 2 
amplifier ‘ “ 
Both -2.99 12.60 32.9 
Table 6.7 Measured performance of the experimental system 
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6.3.3 Vector Signal Test 
Fig. 6.25 shows the output spectra (PHS input signal) at average output power 
of 21 and 23dBm. It is found that the value of ACPR is improved by almost 20dB. 
Again, higher side-lobes level is observed at increased output power (23 dBm) which 
is mainly contributed by the fifth-order mixing products near saturation 
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6.3.4 Dynamic Range Evaluation 
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Fig. 6.26 Measured C/I ratio versus output power 
Fig. 6.26 shows the plot of carrier-to-IMD ratio (C/I) versus output power of the 
system, with and without linearization. The IdB compression point of the system is 
23.5dBm. The IMD performance is optimized at an output power of 14dBm. A C/I 
ratio better than 65dBc is observed with the proposed method over a wide output 
power range. At low output power level, the result is limited only by linearity and 
noise performance of the measuring equipment. Note that the C/I ratio degrades as 
the output power increases towards the IdB compression point as expected. 
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Chapter 7 Conclusion and Future Work 
Linearization techniques play a crucial role in contemporary and future wireless 
communication systems. In order to support new high data-rate applications in the 
increasingly crowded spectrum, spectral efficient modulation schemes have to be 
adopted. Amplification of these signals places stringent linearity requirement on 
transmitter design, especially the RF power amplifier. Linearization technique is a 
mean to satisfy both low distortion requirement and high power efficiency 
requirements of amplifiers. 
In this thesis, a novel linearization approach based on the generalized baseband 
signal injection concept has been presented. A mathematical foundation of the 
proposed method has been formulated using the Volterra series theory. From the 
derived expressions, the operating conditions for optimal suppression of IMD are 
deduced. Applications of the generalized baseband signal injection method to the 
linearization of various amplifying configuration have been presented. For 
demonstration, experimental systems have been setup and extensive performance 
evaluation using two-tone and vector signal has been conducted. The measured 
results have confirmed the validity of the proposed method. Moreover, substantial 
IMD improvement has been observed over a wide range of output power level. A 
80 
Chapter 7 Conclusion and Future Work 
simple method to calculate the gain coefficients from the measured output signals of 
the system has also developed. 
For future work, the generalized baseband signal injection method may be 
extended to the suppression of fifth- and higher-order IMD components. Also, the 
bandwidth limitation of the proposed method should be addressed. Moreover, 
miniaturization of the linearization circuitry using state-of-the-art integration process 
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